The National Amorphous Silicon research team consists of focused subteams to improve the individual component cells from which the multijunction devices are fabricated. The Mid-bandgap and Metastability subteam and the Low Bandgap subteam have the responsibility to develop appropriate materials for the respective layer of the triple junction solar cell. To this end, it is necessary to characterize the materials that are prepared for the appropriate layer to optimize the devices and to develop an understand of the conditions responsible for light-induced degradation so as to develop means to mitigate the degradation. Using the photomixing technique, UCLA was able to determine the mobility and lifetime separately of a number of semiconductor materials. We have established that different kinetics of degradation occur for mobility and lifetime. We have found that the drift mobility is electric field dependent and developed a model for the charge transport through long range potential fluctuations which enable a determination of the range and the depth of these fluctuations for material in the annealed and light soaked states. UCLA has continued to provide transport parameters for the mid-gap, metastability, and low-band teams. The materials studied were prepared by various deposition techniques.
i Preface
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In phase I of this program, we have determined the transport parameters by photomixing of materials prepared by the hot wire chemical vapor deposition technique. This has included a-Si:H, µc Si:H and SiGe:H alloys films. Photomixing experiments were initiated on p-i-n devices. Measurements of the transport parameters under hydrostatic pressure were initiated to investigated whether the application of hydrostatic pressure can alter light induced degradation behavior and as a possible test of the various theories that have been recently been developed to explain the cause of light-degradation involving the mobility of hydrogen.
ii Table of Figures 37 and 38. Infrared interference fringe patterns of the T516-film under (initially) annealed state ("ann"), after pressure application ("press"), and after reannealing ("reann") and the calculated results for the film thickness. Figure 39 . Pressure dependent transport parameters. After initial annealing, the sample was pressurized and released again. We performed four cycles in the same way, with the transport parameters monitored in situ. The x-axis position is associated with the over-all illumination period during the measurement. Tables   Table 1. The characteristics of a-SiGe:H and a-Si:H . Table 2 . The photoconductivity, drift mobility, lifetime, and range and depth of the long range potential fluctuations in annealed state for a-SiGe:H alloys prepared with different GeH 4 gas flow ratio. Table 5 . LRPF range and depth for MVS-samples. Table 6 . IV-data for a-SiGe solar cells with different i-layers.
Introduction
In the present phase of the program, the transport parameters of a number of amorphous semiconductors prepared by a number of techniques were determined by the photoconductive frequency mixing technique. This technique enabled us to determine the drift mobility, µ d , and the photomixing lifetime, τ. The technique is based on the idea of heterodyne detection for photoconductors. When two similarly polarized monochromatic optical beams of slightly different frequencies are incident upon a photoconductor, the generation rate of electron-hole pairs will produce a photocurrent, when a dc-bias is applied, which will contain components resulting from the square of the sum of the individual incident fields. Consequently, a photocurrent will be produced, which will consist of a dc-and a microwave current corresponding to the beat frequency. These two currents allow a separate determination of the drift mobility and the photomixing lifetime of the photogenerated carriers [1] [2] [3] [4] [5] [6] . In the present work, the longitudinal modes of a HeNe laser were employed to generate a beat frequency of 252 MHz; all the measurements were performed at this frequency for the data indicated in the accompanying figures. Employing this technique, the following topics were explored whose results will be presented in the following sections:
1. Measurements of the charge transport parameters of homogeneous a-SiGe:H alloys produced by NREL employing the hot-wire technique. 2. The change in the charge transport parameters in the transition from hydrogenated amorphous silicon to microcrystalline silicon for material produced by NREL and MVSystems. 3. The improvement in instrumentation of the photomixing measurements. 4. Measurements of the hydrostatic dependency of the transport parameters of amorphous silicon 5. Preliminary measurements on p-i-n devices.
Measurements of homogenous SiGe alloy samples produced at NREL
The a-SiGe:H sub-team at NREL is presently employing the hot-wire technique to produce a-SiGe:H alloys which are to be optimized with respect to the transport parameters within two bandgap regimes: 1.40-1.45 eV to 1.60-1.65 eV. We have previously determined the transport parameters of a series a-SiGe:H alloys supplied by Brent Nelson where he explored the parameter space involving the number of collisions a reactive species makes before impinging on the substrate surface. These measurements involved a range of preparation parameters which resulted in inhomogeneity of composition. We now report on a series of samples that are homogeneous in alloy composition supplied by Nelson. The photoconductivity, drift mobility, and lifetime were studied systematically in the annealed and light-soaked states employing the photomixing technique using the longitudinal modes of a HeNe laser. All the samples were initially annealed at 150 0 C for 2 hours to restore the samples to the annealed state. The characteristics of the samples are listed in Table 1 . Figure 1 shows the normalized photoconductivity, mobility, and lifetime for a-Si:H prepared by the same hot-wire technique as a function of illumination time. During illumination, both the drift mobility and lifetime decrease. This is consistent with previous results we have obtained indicating that both neutral and charged defects are created by light-soaking.
Figures 2-5 show the normalized photoconductivity, mobility, and lifetime in a-SiGe:H alloys prepared with different GeH 4 gas flow ratios as a function of illumination time. It can be seen from these results that both the mobility and lifetime are lowered by lightsoaking which is similar to a-Si:H; however it should be noted that the rate of decrease of these quantities varies as a function of the sample composition. We have also measured the electric field dependence of the mobility and thus determined the range and the depth of the long-range potential fluctuations. The results for the annealed state are shown in Table 2 while the results for the light-soaked state are shown in Table 3 . In the annealed state, the photoconductivity, drift mobility, lifetime and the range of the long-range potential fluctuations in a-SiGe:H decrease, while the depth of the long-range potential fluctuations increases with increasing GeH 4 gas flow ratio. The number of charge states can be estimated using the range and depth of the long-range potential fluctuations due to charge states; some of the charge states can be due to the effect of alloying whereby the neutral homopolar bonds of Ge-Ge and Si-Si get modified in the case of a Ge-Si bonds resulting in a slight ionic character.
The surface morphology of these samples were determined by AFM in cooperation with Dr. David Braunstein formerly of Parks Scientific and presently of IBM. Figure 6 shows the RMS surface roughness vs. the GeH 4 gas flow rate. The transport parameters as a function of the GeH 4 gas flow rate are shown in Figure 7 . Figures 8-12 show the images of the surface scans and the respective surface roughnesses. The surface roughness should not be interpreted as grain size. To arrive at the grain size it is necessary to perform a Fourier analysis of the image which will be reported a later date. Microcrystalline silicon (µc -Si:H) has been the object of studies for many years to understand its electronic, optical and structural properties. However, recently there has been a renewed interest in incorporating µc -Si:H in different solar cell structures since such devices have shown no degradation after prolonged light soaking [7, 8] . It has been shown that a-Si:H films grown under hydrogen dilution close to the onset of microcrystallinity exhibit a higher degree of stability against light soaking compared to aSi:H. In hot-wire assisted chemical vapor deposition (HW-CVD) [9] [10] [11] [12] [13] , the decomposition of silane and hydrogen gas mixture allows one to prepare material with a transition from to amorphous to microcrystalline growth by variation of the silane to hydrogen dilution. By varying the grain size, an enhanced absorption of microcrystalline compared to crystalline silicon has been observed [14] . The (HW-CVD) method allows a continuous preparation of material with a smooth transition from amorphous hydrogenated silicon to microsrystalline silicon.The photoconductivity in microcrystalline silicon has been studied as a function of Fermi-level to determine the mobility-lifetime product (µτ) [15] with the observation that (µτ) increased significantly by shifting the Fermi level from the mid-gap towards the conduction or valence band; this was attributed to the increase in the majority carrier lifetime due to a change in the thermal occupation of defect centers by the shift of the Fermi level. It is of interest to separately determine the mobility and lifetime in the transition from the amorphous to the microcrystalline state; dc photoconductivity measurements determine the µτ product. The independent determination of µ and τ was accomplished by employing the photoconductive frequency mixing technique [1] [2] [3] [4] [5] [6] . By observing the increase in the drift mobility as a function of electric field, the range and the depth of the long-range potential fluctuations [4] as a function of hydrogen content and hence the change in these quantities in the transition from amorphous to microcrystalline states were determined.
In this report we present results from electronic transport measurements of a series of samples prepared employing the hot-wire chemical vapor deposition technique supplied by Qi Wang. Within this series a transition from the amorphous to the microcrystalline state is realized. Since there is evidence that one finds improved stability against lightinduced degradation in the mixed state it is interesting to study the (photo-) transport properties and stability with respect to this transition. Table 4 shows a summary of the sample characterization: 
Results of photomixing measurements
We employed the photoconductive frequency mixing technique to determine the transport properties in terms of the charge carrier (photomixing) lifetime and mobility as well as the over-all photoresponse.
In a-Si:H, the electronic transport depends tightly on the hydrogen content, so the photoconductivity is usually plotted against the amount of H-atoms introduced into the samples. A look at Table 4 indicates that within this series of samples microcrystalline structure results in a low hydrogen content. Therefore, we decided to plot the transport properties against the hydrogen content, including all given samples, as shown in Figure 13 .
With the decrease of the H-content the photoconductivity is more or less constant as long as the hydrogen concentration is over about 5% to 6%. However, it shows a sudden increase when the H-concentration drops below 5%, i.e. the microcrystalline regime is entered. To investigate what quantity this increase is due to, we determined the photomixing lifetime τ and mobility µ for each sample in the annealed state. The results are shown in Figures 14 and 15 . Both τ and µ are affected by the transition. Similarly to the behavior of the photoconductivity, the lifetime exhibits a sudden increase up to two orders of magnitude when the hydrogen content drops to values less than 5% ( Figure 14) . The mobility, however, shows somewhat opposite behavior. In the amorphous region, the mobility increases with decreasing H-concentration. This is surprising since one usually finds the mobility to increase when the hydrogen content grows. As a comparison, Figure  16 shows the results for a set of samples also produced by hot-wire CVD, but entirely within the amorphous region. For H-contents under 5%, the mobility drops to values not detectable anymore. However, except for the samples T518 and T528, µ only drops to about 20% of it's maximum value, so the photoconductivity, being straight proportional to τ and µ, still increases dramatically. 
Long-Range Potential Fluctuation
Long-range Potential Fluctuations (LRPF) are thought to reflect the density and arrangement of charged defects in amorphous silicon. To determine the LRPF within the samples, we performed field-dependent measurements of the mobility and lifetime. The results are shown in Figures 17 and 18 . Note that the range increases to values of around 50nm in the µc -regime, which might reflect the occurrence of grain boundaries. Also the depth of the potential fluctuations increases, whereas both quantities decrease with decreasing hydrogen content for H-concentrations over 6% (i.e. the amorphous regime).
These results lead to a possible explanation for both the drop of the mobility and the dramatic increase of the lifetime in the case of microcrystalline silicon. Grain boundaries might serve as scattering centers as well as barriers against recombination. 
Light-induced Decay Measurements
This section covers measurements of the light-induced degradation (Staebler-Wronskieffect) for samples in the amorphous state, mixed state (a-Si + µc-Si) and the microcrystalline state (µc-Si). Figure 19 shows the normalized photoconductivity for the three amorphous samples, which exhibit behavior as expected from former results. In each case the samples were first annealed for 1 hour at a temperature of 150 0 C.
Figure 19. Normalized photoconductivity vs. illumination duration for T516, T531 and T534 (amorphous state). The light intensities are given in the Figure.
Since in the case of microcrystalline silicon we found both high dark and photocurrent, we had to restrict the number of points in order to prevent those samples from heating. Also, we could not measure lifetime and mobility at high fields. This results in an increased error and so a certain scattering of both lifetime and mobility. Nonetheless the Figures 20-22 show increased stability against light-induced defects for samples in both the mixed and microcrystalline phase.The increase of the photocurrent in the case of the samples T529 and T532 is probably due to a slight heating. Summarizing the above results, we found both increased stability and a huge increase of the photomixing lifetime resulting in an increase of the photoresponse for samples entering the microcrystalline regime. The increase in lifetime and decrease in mobility as the microcrystalline regime is entered indicates that grain boundaries can serve as scattering centers as well as barriers against recombination. In order to further illucidate the mechanisms responsible for the dramatic change in lifetime and mobility as one makes the transition from the amorphous to the microcrystalline state, it would be useful to perform similar measurements on samples prepared by different methods which result In different microstructures. To calculate the hydrogen content from the integrated absorption of this peak we used values for the oscillation strength parameters given in [16] :
We found good agreement with the values for the hydrogen content given by NREL. The stretching modes at 2000 and 2100cm -1 are related to isolated SiH in a Si network or SiH x , hydrogen clusters, and also SiH bondings at surfaces (e.g. voids) whereas only the latter group gives rise to a 2100 -peak. Figure 24 shows an example of the stretching mode related double-peak in the case of a-Si:H and figure 28 contains the respective deconvolution.
In microcrystalline silicon most hydrogen is bonded at grain boundaries facing intergrain voids and so gives rise to usually at least two peaks around 2100 with respect to the 
(b) Amorphous and microcrystalline samples supplied by MV-Systems
We studied the transport properties of three samples supplied by MV-Systems, Inc, Golden, CO, one microcrystalline silicon film (MVS723) and two amorphous silicon films, MVS722 and MVS823. The respective preparation parameters have not been disclosed by MVSystems at this time. Figures 30 -32 show the respective decay curves for all three samples, whereby the a-Si:H -films are investigated the "classical" way as described earlier. 
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The range and depth of the long range potential fluctuations (LRPF) of these samples were determined by the electric field dependence of the mobility and are shown in Table 5 . 
Improvement of Instrumentation
Lately, several groups have taken steps into development and investigation of silicon films in the microcrystalline or µc-/a-Si:H mixed state. These films typically show relatively high dark currents at room temperature, which in turn limited the maximum electric BIAS we could apply to rather low values. Accordingly, the accuracy of the photomixing lifetime and mobility determinations suffered from both low electrical fields, i.e. low photomixing signals, and, more seriously, a heating of the sample during measurements which led to an increase of the current of one order of magnitude over the actual photocurrent.
In order to meet the requirements of high accuracy and stable sample temperature, we modified our Photoconductive Frequency Mixing setup and are now able to apply BIAS pulses of arbitrary width and frequency. The dc-current is now monitored sampling the voltage over a 1kΩ resistor by a PC-DAQ board. The whole setup is controlled using LabVIEW programs. Figure 33 shows the time dependent dc-current under BIAS application in the dark and illumination case. The sampling rate here is 1000 samples per second (applies for both dc-current and ac-signal), one 50ms -pulse is applied per second whereby one measurement cycle consists of one dark and one light signal acquisition. When the light current is to be measured during a field dependent measurement, the shutter is opened 100ms in advance, which means a total illumination duration of 0.25 seconds per twosecond-cycle. In the case of decay measurements, the sample is illuminated 1.75 seconds per cycle. These results are then averaged over at least 100 points for each BIAS point in the field-dependent dc-and ac-curves (see Figure 34 ).
Figure 33. Current through the µc-Si sample MVS723 (supplied by MVSystems, see previous section) during one 50ms BIAS pulse under illumination (a) and in dark condition (b).

Figure 34. Photomixing and dc -signal averaging and fitting (solid curves) (sample: MVS723, lightsoaked state).
As to be seen in the above figure, given enough data points to average, we obtain curves with satisfying accuracy whereas the effective power dissipated within the sample is reduced by a factor of 20 (50ms BIAS vs. 1s per half-cycle). Therefore, electrical fields of much higher magnitude are possible. Also, as shown in figure 33 , the slope in the current due to sample heating during one pulse is well defined so that a linear fit yields the currents at room temperature; in addition, they yield a good measure for the temperature stability, i.e. a preferred BIAS-width / frequency ratio.
However, the total illumination duration of about 15 minutes during one field-dependent measurement makes degradation corrections necessary, i.e. data points have to be corrected according to the progress of the transport decay at the time they were taken. For this purpose, decay data that was taken separately is used. 
Hydrostatic pressure dependence of the charge transport in amorphous silicon
Models to explain the Staebler-Wronski effect in hydrogenated amorphous silicon have been proposed which involve the motion of H atoms. Hydrogen motion in turn may be affected by atomic distances; so it was of interest to study the hydrostatic pressure dependence of the charge transport parameters in amorphous silicon. By employing the photomixing technique, a measurement of the hydrostatic pressure dependence of the mobility and lifetime in the annealed and the light-soaked states could give insight into the dynamics of the Staebler-Wronski effect. Hydrostatic pressure as well as uniaxial stress and substrate misfit stress measurements have been performed over the years; however, at first sight many results seem inconsistent or even contradictory. Many of the measurements employed diamond anvil techniques, which result in uniaxial stress that varies bond angles rather than bond distances; one would expect that the mobility of the hydrogen atoms would be affected by the change in the lattice distance.
For our photomixing measurements we employed a clamped pressure cell with a quartz window. The pressure transmitting fluid was 3M Fluorinert, an electronic fluid with flat optical transmission throughout the visible region and high dielectric strength. The latter is of importance since it is necessary to apply high electric field to the samples in order to measure the electric field dependence of the mobility and so determine the range and the depth of the long-range potential fluctuations. For these initial measurements, an a-Si:H sample produced by the hot-wire technique with 7-9% H was employed. Figure 35 shows the results of a first pressure dependent photoconductivity measurement of a-Si:H during light soaking. The starting points show that the photocurrent drops with increasing pressure. But also the decay is reduced under higher pressure. The 3 kBar and the 1 kBar curves cross at about 100 minutes which means that after that time the photoconductivity, though starting at a lower value, is still higher after long time irradiation. Figure 36a shows the pressure dependence of the drift mobility as a function of illumination time indicating that at 3 kBar it becomes independent of illumination time. Figure 36b shows the pressure dependence of the lifetime as function of illumination. The lifetime curves though also starting at lower values under pressure show pressure independent slopes.
From this we can conclude that the generation rate of recombination centers during light exposition is pressure independent, as well. However, the number of dangling bonds seems to rise under pressure (starting points) which supports the collapsing-voidpresumption. The different decay rates of mobility and lifetime under pressure indicate that the rate of generation of charged and neutral scattering defects vary with pressure.
Summarizing our first pressure results one can think of two different ways to describe the pressure dependency of the SW-effect: Under pressure voids can collapse and weak bonds can break resulting in additional dangling bonds reducing both the dark current and photoresponse. This would mean that pressure does more or less the same as light illumination does: it creates local defects. The pressure dependence of the light soaking experiments may then be regarded as timeshifted. That means, even before illumination there are as many pressure induced defects as though the sample would have been exposed to light as long as it takes to turn down the photoresponse to the value under pressure at the start. These additional dangling bonds result in a decrease in mobility and consequently a decrease in the photoresponse.
It seems possible that pressure application first introduces local defects that can be observed promptly in a change of lifetime and mobility; additionally, pressure related lattice variations change the time dependence of the mobility during illumination which may indicate different generation rates of charged defects. We plan to perform further pressure experiments on samples prepared by different preparation techniques to resolve these questions.
Change of the film thickness after pressure application
Further measurements on the pressure dependence of the transport parameters of amorphous silicon films were performed, with emphasis on possible defects introduced by pressure application. We show both FTIR-and photomixing measurements on amorphous silicon samples.
We measured the change of the IR -spectra of the sample T516 (Qi Wang) first in the annealed state, then after the application of hydrostatic pressure of 3 kBar. After this, we annealed the sample for one hour and repeated the FTIR measurement. From the interference fringes occurring in the spectra it is basically possible to determine the film thickness. The fringes occur as a result of a small refraction index mismatch at the filmsubstrate-interface (n=3.0 ↔ n=3.4). From the periodicity one can easily determine the respective film thicknesses. Figures 37 and 38 show both the fringes from which the thickness was determined and the results for the respective cases. The initial value of 4.408 µm is in good agreement with the value of 44,100Å given by Qi Wang. After pressurizing the sample the film seems to remain around one hundred nanometers thinner than in the initial state, which would mean a decline of 2.3%. This number seems quite high, though; on the other hand, the apparent thickness change may also be due to a change of the index of refraction. Though reannealing for one hour recovers the sample in part, the thickness remains 40 nm under the initial thickness. However, the results show permanent structural changes introduced by pressure application.
From the actual hydrogen related absorption peaks we could not detect any change in the hydrogen configuration, at least as far as the 2000/2100 -double peak is concerned. 
Wavenumber
Transport vs. Pressure Hysteresis Measurements
Four cycles with a pressure from 0 to 2.8 kBar being applied and released were run during the measurement. The photoconductivity, mobility, and lifetime were measured at each stage. The results are shown in the figure 39. It was found that under a given pressure the photoconductivity and mobility decreased while the lifetime increased. However, when the pressure was released a partial recovery of the photoconductivity and mobility was observed but not to the values obtained at the initial zero pressure. These results indicate that there are two effects of hydrostatic pressure; one an elastic effect where the mobility decreases under pressure but is restorable when the pressure is released and an inelastic effect where the mobility is decreased due to the introduction of charge scattering centers.
In order to illucidate the participating effects in amorphous silicon under pressure we also performed a similar measurement on single crystalline silicon with the results shown in figure 40. They show that for single crystals there is only an elastic effect. 
Photomixing Measurements on SiGe P-I-N Devices (Supplied by Xunming Deng, Univerity of Toledo)
The photomixing measurement method has been shown to be a successful tool in determining photomixing lifetime and mobility of charge carriers in amorphous and microcrystalline silicon as well as silicon-germanium and other alloy films which are measured in in-plane direction employing coplanar contacts. Here, one deals with a well defined uniform electric field due to an external voltage, a spacially uniform distribution of charged and neutral defects, and a free charge carrier generation profile perpendicular to the field direction.
In p-i-n structures, in contrast to single films with coplanar ohmic contacts, one usually finds • a space charge distribution in the intrinsic layer near the p-i and i-n interfaces • a non-uniform electron-hole generation profile in field direction • and thus a generally non-uniform electric field distribution across the i-layer Additionally, the ac behavior of a p-i-n device is determined by the device geometry and the resulting capacitance. On the other hand, due to the high mixing frequency used, the transient behavior does not play an important role.
The BIAS dependent photomixing power that one detects for different devices under different illumination conditions is thus necessarily affected by many more parameters than it is in the case of single layer films. Even worse, some of the parameters, particularly the electric field distribution, depends on both the deployed materials and the interfaces in a complicated way that is still not very well understood. Therefore, instead of incorporating many unknown parameters into the photomixing model, it seems more advisable to restrict measurements and data analysis to certain regimes where at least analytical models based on simplified assumptions may be valid.
The most important analytical approach is probably the uniform-field model by Crandall [17] , whose main assumptions are: uniform field, negligible diffusion in the intrinsic layer, and the use of the Shockley-Read-Hall model for recombination for a two state recombination center. Later, Hubin and Shah [18] presented a variation of Crandall's model introducing three-states recombination centers. The majority of publications, however, present numerical approaches which might yield more realistic results but have the drawback of making it hard to draw immediate physical conclusions. In a recent publication by Asensi et al [19] , analytical expressions for the recombination current and the short-circuit resistance are deduced from results of numerical simulations.
Dangling bonds within the intrinsic layer near the interfaces are thought to be usually charged due to the relative shift of the Fermi level to the defect states. Dangling bonds in a charged state, in turn, have a much higher cross section as recombination centers so that a main part of the total recombination processes in the i-layer -which represent the main limitation of the p-i-n-cell efficiency -is assumed to take place near the interfaces. Moreover, these dangling bond states near the interfaces build up space charge regions which lead to higher electric field strengths near the interfaces and accordingly lower fields in the center. In fact, the thickness of the i-layer is usually kept as thin as possible, so that even with a certain space charge present, the field near the center is sufficiently strong to deplete the generated charge carriers. However, according to Asensi et al., a uniform-field approximation is possible in the special case of high illumination intensity (I short-circuit > 10mA cm -2 ) and short circuit or back-biasing condition, i.e. when the charged defect states near the p-i and i-n interfaces are neutralized and no charge injection into the intrinsic layer takes place. In this situation, with space charge regions depleted through the strong illumination, also secondary quantities affecting the photomixing power like the device capacitance should not change dramatically with different bias voltages in reverse direction. The photomixing technique, due to the high beating frequency, merely yields a picture of shallow trap states near the conduction band and is insensitive to deep level defects. Therefore, only for the above mentioned conditions it seems possible to obtain information about the transport properties of the intrinsic layer without the need to deconvolute a complex amount of parameters most of which are not even known. On the other hand, this might enable us to keep track of a certain material-related aspect, i.e. the charge carrier mobility, which is otherwise somewhat lost once single films are deposited within a multilayer structure. While the dc photocurrent shows expected saturation behavior when the p-i-n device is reverse-biased, in the case of the ac current (as represented by the square root of the mixing power) we find (at least) two distinct regimes, a low-field and a high-field regime. In the high-field regime, we find an increase with a saturation tendency at sufficiently high fields. The mobility of electrons in a p-i-n structure when approaching high fields has been described in terms of field-assisted thermal release of electrons from traps within the multiple trapping model [20] . However, for biases below the point of inflection, the shape of the curve rather resembles the field-dependent mobility which is also observed in thin film samples with coplanar contacts. The dotted curve which is fit into the lower-field part of the photomixing current curve points out where the photomixing signal deviates from it's initial shape. According to this fit, the photomixing signal would become zero at about +0.8V, which would mean that at this point the built-in field zero-crosses. However, this fitting only works for high illumination levels. For lower light intensities we observe a shift towards higher electric fields (figure 42). It is noteworthy, however, that even for (very) high illumination levels a uniform field within the intrinsic layer is at best a good approximation. For lower levels, this simplified model is certainly not feasible. Absolute values for the mobility across the intrinsic layer seem therefore -in contrast to single films -not very meaningful. However, investigating the evolution of the bias-dependent photomixing curves under light-soaking provide a separation of effects due to geometric or initial material properties from those due to light-induced defects as the following figures show. Figures 43-46 show data obtained from light-soaking measurements on p-i-n-samples supplied by the Toledo group. The insets contain the neighbor-averaged derivatives of their parent curves in order to facilitate the observation of the change of the curve shape during light-soaking. A summary of the respective I-V data can be found in Table 5 . Sample GD112 shows both the highest mixing signals and the largest decay under lightsoaking. However, according to data from Toledo (table 5) this sample's filling factor is the second worst of all samples. It is obvious that the dc p-i-n cell performance and the photomixing signal, even though associated with the charge carrier mobility, do not directly scale. This was not to be expected, though. It is clear that the actual device impedance has a great impact on the photomixing signal power. A comparison of the photomixing curves for two different spots on the same sample (GD112) as shown in figure 47 stresses this point. At one spot ('spot' means one separate p-in-structure among others on the same stainless steel substrate) the curve reaches saturation behavior earlier but at lower mixing signals than it does at some other spot. A steeper curve at lower fields and consequently earlier onset of saturation would mean higher mobility while the variation in mixing power is rather due to the differences in the sample impedance which is apparently quite sensitive to fabrication variations. In contrast to this effect the changes during light soaking (figure 43), i.e. with parameters other than the defect density kept constant, suggest that the charged defect related fielddependent mobility regime extends to higher electric fields across the i-layer at the saturation regime's expense. After seven hours of light exposure, the saturation regime vanishes completely which means that the applied bias has become insufficient in order for the degraded sample to enter this region. It is also noteworthy that the point of inflection, as marked within the first two viewgraphs of figure 43, seems to more or less remain at the same height while wandering towards higher biases. After 425 minutes, the photomixing current just reaches the 16 fW 1/2 level from which the saturation regime evolved in the annealed state. Note also that the dc-current curve seems less affected than the ac-curve. In all samples except for GD110, which turns out be the most stable one, we find the slope of the ac-curve within the lower-field regime to decrease with illumination time. Unfortunately, in most cases we had to limit the maximum reverse bias in order to protect the samples from avalanching. On the other hand, former measurements on a-Si samples showed saturation much more clearly -probably because the electron mobility is generally higher in a-Si than in a-SiGe.
In order to obtain at least approximate values for the electron mobility in p-i-n-structures the photoconductive frequency mixing model has to be adapted appropriately. In particular, the capacitance and geometry contributions will have to be treated in such a way that the ac-signal dependent transport expressions become independent of those. Therefore, accompanying ac-measurements are needed. In a next step, the photomixing transport equations have to be applied and tested against results from further measurements on a series of n-i-p-solar cells supplied by the Toledo group.
We also plan a series of experiments on samples in coplanar configuration and p-i-ndevices that are prepared under the same growth condition.
Figure 47. BIAS-dependent acphotocurrent for two different spots
As far as the experiment is concerned, a higher accuracy, particularly of the ac-current curve derivative, is desirable. One possible way to obtain more accurate results is a more direct measurement of the derivative of the mixing power. Initial experiments employing low-frequency bias sweep and log-in amplification techniques are promising. However, there is always a certain trade-off between measurement accuracy and the undesirable light-soaking effect during the acquisition of a photomixing signal curve.
